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Introduction
Eskers are elongate, straight-to-sinuous ridges of glaciofluvial sand and gravel, deposited predominantly in pressurised subglacial channels (Banerjee and McDonald, 1975; Brennand, 2000) , but also connected to englacial and supraglacial tunnel systems (Price, 1969; Gustavson and Boothroyd, 1987) . They are common in formerly warm-based glaciated terrains (e.g. Prest et al., 1968; Clark et al., 2004; Aylsworth et al., 2012; Storrar et al., 2013) , making them a useful indicator of subglacial meltwater drainage pathways. Meltwater drainage beneath ice sheets is of fundamental importance to our understanding of ice dynamics. An increased supply of meltwater to the bed may help lubricate ice flow, resulting in an increase in ice velocity (e.g. Zwally et al., 2002; Joughin et al., 2008; Bartholomew et al., 2010 ; but see Schoof, 2010; Sundal et al., 2011) . However, the nature of the drainage system is also important, with inefficient (distributed) systems of shallow water films and canals typically associated with higher ice velocities, and more organised and efficient systems with large channels typically associated with lower velocities Bartholomew et al., 2010) . These drainage systems also have implications for sediment deformation and its impact on ice flow, because the mechanical properties of deformable till may be modified by water draining through it (Tulaczyk et al., 2000; Boulton et al., 2001) . It is important, therefore, to understand how water is routed through subglacial drainage systems.
Unfortunately, direct observation of the subglacial drainage systems beneath modern ice sheets is extremely difficult. Thus, indirect methods such as dye tracing (e.g. Nienow et al., 1996) , remote sensing (e.g. Fricker et al., 2010) , numerical modelling (e.g. Lewis and Smith, 2009; Hewitt, 2013) and geophysical surveys (e.g. Carter et al., 2009 ) are employed to investigate how they operate beneath contemporary ice sheets. Whilst significant breakthroughs have been made with these techniques (e.g. Richards et al., 1996; Nienow et al., 1998; Wingham et al., 2006; Fricker et al., 2007) , they are often limited by their spatial and temporal resolution. Indeed, numerical modelling of subglacial drainage systems is difficult because there are so few data with which to test model predictions, e.g. of channel spacing (Hewitt, 2011) and sinuosity (Schuler and Fischer, 2009) . The abundance of eskers on palaeo-ice sheet beds provides huge potential to record aspects of subglacial meltwater drainage that are otherwise difficult or impossible to investigate using existing techniques.
To date, no large-scale, systematic quantification of the spatial patterns and morphometry of eskers has been undertaken. The aim of this paper is to address this shortfall by producing the first largescale quantitative analysis of the patterns and spatial characteristics of eskers across an ice sheet bed, similar to those recently undertaken for ribbed moraine (Dunlop and Clark, 2006) ; drumlins ) and mega-scale glacial lineations Spagnolo et al., 2014) . This is achieved using a GIS dataset of eskers mapped from Landsat 7 ETMþ imagery of the whole of Canada, and covering almost 10,000,000 km 2 formerly occupied by the Laurentide Ice Sheet (LIS). These data are available as a map (Storrar et al., 2013) , and were recently used to identify changes in esker density which may be associated with climatic changes (Storrar et al., 2014) . Here, we build on this work and analyse esker patterns, distribution, length, fragmentation, sinuosity, spacing, tributaries, 'stream' ordering and slope, thereby providing an important dataset for testing both conceptual and numerical models of esker formation and providing new insights into channelised meltwater drainage at the ice sheet scale.
Definitions and previous work on esker morphometry and pattern
Aspects of esker pattern and morphometry have been reported previously, albeit for typically rather small sample sizes (e.g. n < 100). In this section, we provide a brief overview of previous work on esker morphometry and outline some important definitions of their morphometry and pattern that we report in this study. First and foremost, we use the term esker ridge to refer to individual ridges. Where several esker ridges are aligned and clearly related to each other, but with intermittent gaps, we term them eskers. Eskers, in turn, form subsets of esker systems, which are comprised of trunk eskers, into which tributary eskers merge. Esker systems are analogous to a drainage basin.
Pattern and distribution
The heterogeneous distribution of eskers deposited beneath the LIS has been discussed by several authors, who have proposed genetic models to explain their variability (e.g. Shilts et al., 1987; Aylsworth and Shilts, 1989a; Clark and Walder, 1994) . A seminal paper by Clark and Walder (1994) , showed that eskers formed by the LIS and European Ice Sheets are prolific on the more resistant crystalline shield rocks and rare over less resistant sedimentary, and potentially deformable, substrates. They suggested that, over more resistant substrates, eskers are more likely to form in channels which are incised into the ice (R-channels) rather than into the substrate (N-channels). Others, however, have noted that eskers are present in areas of deformable substrates (e.g. Wright, 1973; Mooers, 1989) , and that channelised systems may develop over deformable materials (Shoemaker, 1986) . Observations of eskers ending abruptly over relatively rigid Devonian carbonates in western Canada led Grasby and Chen (2005) to suggest that esker distribution in Canada is controlled by bedrock permeability, where preferential subglacial recharge through carbonate outcrop belts inhibits esker formation as water is readily drained through the subsurface. In contrast, the low-permeability rocks of the Canadian Shield enable high pressure water to exist at the base of the ice sheet, and thus form eskers. This is similar to a model put forward by Boulton and co-workers (Boulton et al., 2007a (Boulton et al., , b, 2009 , who related esker spacing to the hydrogeological properties of the substrate. This is discussed further in Section 5.4.
Others have noted the similarity of esker patterns to fluvial systems: eskers in the Keewatin sector of the LIS, for example, are reminiscent of integrated Hortonian drainage networks and are seen to radiate outwards from the final location of the ice divide (Shilts et al., 1987; Aylsworth and Shilts, 1989a) . More recently, Storrar et al. (2014) examined the pattern of eskers and found that esker density increases towards the locations of the final remnants of the ice sheet, which they related to increased meltwater supply from surface melting during deglaciation.
Length and fragmentation
Esker length (here given the notation l e ) is the distance covered by the crestline of an esker (Fig. 1A) , and is related to the length of the conduit in which it is formed. Eskers are frequently described as forming fragmented systems (e.g. Fig. 2A ) which can extend for several hundred km (e.g. Banerjee and McDonald, 1975; Aylsworth and Shilts, 1989a; Boulton et al., 2009) . Our preliminary analysis of previously published maps of 846 esker ridges in the UK and 817 on the Kola Peninsula, Russia (Clark et al., 2004; H€ attestrand and Clark, 2006) reveal that the length of esker ridges in these areas do not follow a normal distribution, but are strongly positively skewed (see Fig. 3A ). Individual esker ridges average between 1 km and 3 km long, and extend up to a maximum of 18.2 km in the UK and 9.9 km in the Kola Peninsula.
Sinuosity
Esker ridge sinuosity (S; Fig. 1B ) is expressed as the ratio between the length of the esker ridge (l e ) and the length of a straight line between the beginning and end points of the esker ridge (l s ):
Sinuosity is important because it is related to the discharge within the channel (cf. Makaske, 2001) and to the widthedepth ratio and sediment load of the channel (cf. Schumm, 1963) . Moreover, sinuosity is a required parameter for models and tracer experiments in subglacial channels (e.g. Schuler and Fischer, 2009 ). Eskers are often described as sinuous (e.g. Clark and Walder, 1994; Syverson et al., 1994; Warren and Ashley, 1994) , although there are few reports or quantification of esker sinuosity. Bolduc (1992) measured the sinuosity of esker ridges in Labrador and found that sinuosity varied between 1.00 and 1.32. A recent study of the Chasm esker, British Columbia, Canada (Burke et al., 2012 ) noted a sinuosity value of 1.07. Our extraction of sinuosity values for the esker ridges mapped in the UK and Kola Peninsula by Clark et al. (2004) and indicate a mean esker ridge sinuosity of 1.03 and 1.06, respectively (Fig. 3B ). 
Lateral spacing of eskers
Esker spacing refers to the lateral distance (transverse to iceflow) between adjacent eskers (including both trunk and tributary eskers; Fig. 1C ). Numerical models have been developed which predict the spacing between eskers as a product of the interaction between subglacial meltwater in conduits and groundwater in permeable substrata (Boulton et al., 2007a, b; Boulton et al., 2009 ), or in a surrounding distributed system (Hewitt, 2011; Werder et al., 2013) . Several papers have reported measurements or model predictions of the spacing of eskers or subglacial channels, summarised in Fig. 4 . The values vary between 2 and 35 km, but the values reported for different parts of the LIS appear to indicate a preferred spacing of 12e15 km (Banerjee and McDonald, 1975; St-Onge, 1984; Shilts et al., 1987; Bolduc, 1992) . To date, the only application of spacing measurements to test numerical modelling is provided by Boulton et al. (2009) who noted that esker spacing, which they measured to between 2.5 and 33 km, was generally consistent with their modelled channel predictions for a study area in Finland.
Tributaries and stream ordering
It has long been observed that esker systems often consist of trunk and tributary eskers (e.g. Fig. 2B ; Flint, 1928; Price, 1966; Aylsworth and Shilts, 1989a; Brennand, 1994; Clark and Walder, 1994) , probably reflecting the hydrological network in which they were formed, and the former ice surface topography, which exerts some control on their development. Thus, the number and order of tributaries may provide an insight into the connectivity of the drainage system. Mapping tributaries joining trunk eskers may thus allow an estimate of the extent and efficiency of former subglacial meltwater drainage systems, although it should be noted that eskers may form only one component of the drainage system and that other parts (e.g. supraglacial channels) may go unrecorded. Few data have been presented on esker tributaries, but Banerjee and McDonald (1975) noted that esker systems very rarely contain more than two orders of tributaries. Conversely, Aylsworth and Shilts (1989a) noted that esker systems in the Keewatin sector of the LIS contain up to fourth-order tributaries.
Topography/slope
Theoretically, eskers will follow the hydraulic gradient, which is determined by the ice surface slope and bed topography (Shreve, 1972) , implying that they can sometimes climb 'uphill'. Eskers have been observed to climb upslope by many authors (e.g. Sissons, 1958; Price, 1969; Shreve, 1985a; Brennand, 1994) , though whether this is typical is yet to be investigated because there has been no systematic analysis of large sample sizes.
Methods

Datasets
We analyse esker morphometry and pattern from two datasets. The first is an ice sheet-wide map of 20,186 large (mostly > 2 km long) esker ridges digitised from Landsat 7 ETMþ imagery of Canada, recently published as a map in Storrar et al. (2013) . Esker ridge crestlines were digitised directly into a Geographic Information System (GIS) and were stored as polyline shapefiles (see Fig. 5 ). Typically, red, green, blue band combinations of 4, 3, 2 or 7, 5, 2 were used to identify eskers, which were then mapped at scales of approximately 1:40,000.
Spatial variation in vegetation characteristics (e.g. forest cover) and agricultural development mean that eskers are typically more difficult to detect in southern Canada, and more readily detectable Shilts et al. (1987) Bolduc ( in the north (see Storrar et al., 2013) . By coincidence, this means that eskers associated with the deglaciation of the former Keewatin and Labrador domes of the LIS are more easily detected than eskers which formed earlier (e.g. under the southern lobes of the LIS). Consequently, we focus primarily on the eskers associated with the Keewatin and Labrador sectors during the later stages of deglaciation of the LIS.
Another potential drawback when mapping from Landsat imagery is that the spatial resolution (30 m and 15 m in the panchromatic band), is likely to prevent some very small esker ridges from being detected. As a cross-check of the mapping, seven areas (see Fig. 6 ), covering roughly 175,000 km 2 , were also mapped by Storrar et al. (2013) from high resolution aerial photography. It was found that approximately 75% of esker ridges were detected in Landsat imagery, with 81% of the undetected esker ridges being <2 km long (Storrar et al., 2013) . Thus, whilst we acknowledge that some small esker ridges are missing from our data, we do not consider this a major limitation because the emphasis here is on large-scale patterns and measurements of the largest conduits. For further analysis of some metrics, such as the maximum length of eskers and lateral spacing, we also derived a second dataset whereby 'gaps' between mapped esker ridges (that result from fragmentary deposition, post-depositional erosion or submergence beneath lakes) were filled by interpolating a straight line between aligned esker ridges which appeared to be genetically related (i.e. not separated by excessively long gaps in comparison to the ridges themselves). The gaps were then merged with the mapped esker ridges, thereby providing a single esker the full length of the series of subset ridges. This dataset was produced in order to avoid statistics that would be distorted by the absence of esker ridges for the above reasons. Some measurements, such as the spacing between subglacial channels, are overestimated if there are gaps in eskers; conversely, the length of subglacial channels is underestimated (assuming that the gap was previously occupied by a channel that did not subsequently form an esker). Thus, the 'interpolated' dataset indicates where the major channels which formed the eskers were generated. Esker ridges were joined conservatively (13,314 'gaps' were connected, of which 94% were <10 km long) and the fact that the gaps are relatively small, in comparison with the surrounding longer esker ridges (sometimes 10s of km long), gives us confidence that they connect eskers which are genetically related (see Fig. 5A ). We refer to the two datasets as mapped and interpolated eskers, respectively.
Measurements
Length (l e )
Esker crestline lengths were extracted from the mapped and interpolated data, to allow an estimation of the fragmentation of eskers and also to provide an approximate measurement of the maximum length of the esker-forming conduit. Where two or more eskers coalesced, the longest ridge was systematically used to determine length (see Fig. 1A ). 
Sinuosity(S)
Sinuosity was calculated using equation (1), for both mapped and interpolated eskers using l e and the length of a straight line (l s ) between the co-ordinates of the esker start (x start and y start ) and end (x end and y end ) points:
Measurements of esker sinuosity are sensitive to the length of the esker: very short eskers tend to have very low sinuosity values because they often make up short, straight segments of a larger, more sinuous system (see Fig. 7A ). Thus, because the mapped eskers represent a fragmented view of the channels in which they formed, it is likely that the sinuosity values calculated from them are an underestimate of the sinuosity of the original channels in which they formed.
In order to explore this potential bias, we conducted a sensitivity analysis, whereby the mapped eskers were used to test the extent to which calculations of sinuosity are distorted by the length of the esker ridge. We deliberately split the mapped eskers into smaller ridges of different lengths (in 0.5 km increments from 0.5 km to 20 km: see Fig Fig. 7C ) and give us confidence that although they are likely underestimates, the magnitude of this error is on the order of~0.05, which is relatively small.
Lateral spacing
In order to examine esker spacing and test model predictions of this characteristic, it is helpful to measure the spacing between eskers in an area where they are sufficiently dense to represent the majority of the channels in which they were formed (models do not generally account for the non-formation or subsequent erosion of eskers, as would be the case for an entire ice sheet bed). Three large (40,000 km 2 ) sample areas (see Fig. 6 ) were selected where eskers are numerous and appear to be well preserved, with minimal evidence of postglacial erosion. Each area was divided into . Esker ridges mapped from Landsat imagery of Canada (black). Also shown are the areas mapped by aerial photography, used to check the consistency of the Landsat images; the areas used to calculate spacing and density in the Keewatin (west) and Labrador (east) sectors; the areas used to calculate esker spacing in high density locations (see section 3.2.3); and the areas used to measure elevation changes. The Precambrian Shield is shown in yellow (from Wheeler et al., 1996) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
15 Â 200 km transects aligned perpendicular to the dominant esker orientation and spaced 12.5 km apart. Esker spacing was calculated along each transect, for both mapped and interpolated eskers (Fig. 1C ).
Esker density during deglaciation
Changes in esker density (the number of eskers per 100 km of ice sheet margin) through deglaciation, from 13 to 7 ka BP, were calculated in two large study areas, corresponding to the eskers which formed beneath the Keewatin and Labrador sectors of the ice sheet (see Fig. 6 ; Storrar et al., 2014) . Esker density was calculated where they intersected with the former ice margin positions of the LIS, as depicted in the chronology of Dyke et al. (2003) . The chronology is based on approximately 4000 minimum-limiting dates, primarily from radiocarbon dating, which carry an associated uncertainty, conservatively estimated at ±500 years (see Dyke et al., 2003 for further details). Areas where lakes, rivers and oceans coincided with the margin were not used in the measurements. In places, we also interpolated intermediate margins to increase the sample size. This was done by visually interpolating margins between adjacent margins. Error bars are included in all graphs which indicate the two dated margins between which the intermediate margins were interpolated. Ice sheet retreat rate was calculated from 20 transects across the Dyke et al. (2003) margins in each area.
The results of the analysis of mapped eskers are presented in Storrar et al. (2014) , which we discuss here in relation to the interpolated eskers.
Tributaries
The numbers of tributaries in esker systems were extracted from the GIS (Fig. 1D) . As a result of the fragmentary nature of the eskers, relatively few tributaries are connected to a trunk esker in the mapped esker data. Thus, tributaries were also calculated for the interpolated eskers, which are likely to be more representative of situations where two esker-forming conduits were confluent. In order to explore whether the proportion of tributaries in esker systems evolves through time, the number of tributaries per 100 km of the length of mapped/interpolated eskers was calculated for seven time slices. The time slices were based on the margin positions of Dyke et al. (2003) . Eskers were also numbered according to the Strahler method of stream ordering (Fig. 1E ). During the generation of the interpolated eskers, some tributary eskers were connected to trunk eskers where they were in close proximity and appeared to be converging. This could potentially bias stream order calculations if these situations do not reflect former tributaries. Thus, we present data for both mapped and interpolated eskers in Section 4.6. The effect of esker length on sinuosity measurements. A) Illustration of how sinuosity increases with ridge length. The sinuosity of the long ridge on the left is 1.52, whereas the mean sinuosity of the smaller subsets on the right is 1.00. BeD) An experiment to determine the effect of esker length on the sinuosity measurements of 20,186 mapped eskers. The mapped eskers were split into portions of equal length and the sinuosity of each portion measured. This was repeated for different lengths, in 0.5 km intervals between 0.5 and 20 km, resulting in 40 different datasets, with more measurements possible for shorter sample lengths and fewer for larger lengths (B). Mean and median (C) and standard deviation (D) values were then derived from each dataset. The dashed lines in BeD indicate the value calculated from the entire, unaltered mapped eskers dataset.
Topography/slope
The difference in elevation between the start and end points was calculated for 11,560 mapped esker ridges in the Keewatin and Labrador sectors (Fig. 6 ). The locations selected for the analysis contain a large sample of esker ridges within an area in which we are confident that flow was away from the final locations of the ice domes (Shilts et al., 1987; Aylsworth and Shilts, 1989a; Clark et al., 2000) . We refrain from analysing the entire dataset because esker ridge orientation, with relation to ice movement, is not always known, especially where their plan form is more chaotic. Elevations were taken from the Canadian Digital Elevation Database (CDED), which has a horizontal resolution of approximately 20 m and vertical resolution of 1 m. Elevation changes were determined by subtracting the elevation at the end point of each esker ridge from the elevation at the start point. This value was then used alongside the length data presented in Section 3.2.1 to calculate the overall slope of each esker ridge, with negative values denoting a decrease in elevation down-ice and positive values reflecting an increase in elevation down-ice. The measurements relate to the elevation of the topography at the points at which esker ridges initiate and terminate, and so reflect the extent to which esker ridges trend upor down-slope, rather than any changes in the height of the actual landform.
Results
Pattern and distribution
A total of 20,186 large esker ridges were analysed ( Fig. 6 ; Storrar et al., 2013) and, most obviously, the majority of large esker ridges (84% of esker ridges > 10 km long) are concentrated on the Canadian Shield, as noted by Clark and Walder (1994) . Nevertheless, eskers are also present in other areas, where potentially more deformable substrates, rather than resistant shield rocks, predominate, and indicating that channelised drainage can occur over softer sedimentary beds (cf. Shoemaker, 1986; Mooers, 1989) . The distribution of eskers over the Thelon and Athabasca sedimentary basins, which form part of the Precambrian shield but are more readily erodible than typical shield rocks (e.g. the Slave craton), is shown in Fig. 8 .
At the largest scale, eskers are seen to form a radial pattern around the final positions of the ice divides in Labrador and Keewatin (Fig. 6; Dyke and Prest, 1987; Shilts, 1989a, 1989b; Boulton and Clark, 1990) , beneath which they are noticeably absent: esker-free areas are roughly 100e150 km wide in both Keewatin and Labrador and cover an area of approximately 93,000 and 174,000 km 2 , respectively (Fig. 6 ). Within the radial systems, regularly spaced channels appear to correspond to an integrated system of eskers with multiple tributaries (e.g. Fig. 9B ). Outside of the systems, esker patterns are more chaotic, with some branching esker systems, but with many discrete single eskers or areas of eskers which appear to be unrelated (e.g. Fig. 9C and D).
Length and fragmentation
The length of mapped esker ridges follows a log-normal distribution (Fig. 10) , with a skewness of 4.57 and excess kurtosis of 40.94. Individual esker ridges extend up to 97.5 km, with a mean of 3.5 km and median of 2.1 km. 56% of esker ridges are 1e5 km long and 70% are 1e10 km long.
When gaps are taken into account, interpolated eskers extend for up to 760 km and have a mean length of 15.6 km and median of 4.1 km. Assuming that most gaps have been correctly identified (of which we are confident: see Fig. 5 ), this shows that eskers are highly fragmented within the channels in which they formed. Gaps represent 34.9% of the total length of the interpolated eskers. The distribution is also approximately log-normal, with skewness of 6.57 and excess kurtosis of 71.61. Figs. 11 and 12 reveal that the longest and least fragmented esker systems are associated with the Keewatin sector of the LIS. There are also eskers up to 290 km long in Quebec, associated with the Labrador dome, but they are significantly more fragmented than those of Keewatin. No discernible trends in fragmentation are apparent along the interpolated eskers (Fig. 12B) .
Sinuosity
Mapped esker ridge sinuosity follows a distribution similar to log-normal, although it is more positively skewed (skewness ¼ 3.41) towards lower values. Indeed, 87% of esker ridges have a sinuosity value between 1.00 and 1.10, and 98% have a sinuosity value of between 1.00 and 1.20. The mean value is 1.06 and the median is 1.04. Interpolated esker sinuosity has a similar distribution but values tend to be slightly higher (as expected: see Section 3.2.2), with a mean of 1.08 and median of 1.06 (Fig. 13) .
Lateral spacing
Measurements of esker spacing in three sample areas indicate that the distribution of spacing data follow a more normal distribution (Fig. 14) than length and sinuosity. Mapped esker ridges have a higher mean spacing than interpolated eskers (18.8 km compared with 12.3 km), as would be expected because fewer mapped esker ridges intersect transects, compared with the more continuous interpolated eskers. Likewise, standard deviation values of esker spacing are higher for the mapped esker ridges than the interpolated eskers. The three sample areas, when treated individually, produce broadly similar results for esker spacing (see Table 1 ). The mapped esker mean data values vary by 3.7 km and the interpolated esker mean data vary by just 0.3 km. Mean esker spacing in the three areas when combined is 18.8 km (standard deviation is 14.0 km) for mapped eskers and 12.3 km (standard deviation is 6.6 km) for interpolated eskers. The relatively low standard deviations, compared with the means, suggest that esker spacing is approximately regular, particularly in the case of the interpolated eskers.
Esker density during deglaciation
Data on the density (number of esker ridges per 100 km of ice margin) of the mapped eskers during deglaciation were discussed in Storrar et al. (2014) . In the present paper, we show data for both mapped eskers and interpolated eskers, demonstrating that they reveal similar patterns. Thus, data for interpolated eskers appear in brackets, after the equivalent values for mapped eskers, in both Sections 4.5 and 4.6.
In the Keewatin sector, esker density increased from 0.7 (1.1) to 3.0 (4.4) eskers per 100 km of ice margin from 13 to 9 ka BP (Figs. 15 and 16). Between 9 and 8.5 ka BP, esker density abruptly decreased from 3.0 (4.4) to 0.8 (1.2) eskers per 100 km of ice margin. Following 8.5 ka BP, the decrease in esker density was more gradual. The retreat rate of the ice sheet in this sector was between 100 and 200 m yr À1 from 13 to 9.5 ka BP, but increased rapidly to 397 m yr À1 from 9.5 to 9 ka BP, before decreasing sharply between 8.5 and 8 ka BP (Fig. 16) . Data from the Labrador sector reveal a slightly different pattern. Esker density was less than 0.8 (1.1) eskers per 100 km of ice margin between 13 and 8 ka BP and then increased to 1.8 (3.2) by 7.6 ka BP, decreasing thereafter until no further eskers formed after approximately 6.5 ka BP. The ice sheet retreat rate was between 30 and 60 m yr À1 from 13 to 8.6 ka BP and then increased to 150 m yr À1 by 7 ka BP (Fig. 16 ).
Tributaries
Overall, 475 (1335 interpolated) tributaries were identified for the mapped eskers, which equates to 0.67 (1.22) tributaries per 100 km of total esker length. The number of tributaries per 100 km of esker length decreased from 25.8 (91.0) to 0.1 (0.1) between~13 and~7 ka BP in the Keewatin sector. In the Labrador sector, the number of tributaries per 100 km of esker length decreased overall between~11.4 ka BP and~7 ka BP from 1.9 (2.4) to 0 (0.2), but with a small peak at~7.5 ka BP.
The extensive fragmentation of the mapped eskers resulted in the identification of few tributaries. Thus, the majority (96.5%) of eskers were found to be first-order, with 3.5% second-order tributaries and only two third-order (Table 2) . Analysis of tributary ordering using interpolated eskers reveals, unsurprisingly, a much more integrated pattern. Interpolated esker systems possess more tributaries, especially around the Keewatin sector (Fig. 17) . Fourthorder eskers are noted in two locations and second-to fourth-order eskers account for approximately 25% of all the interpolated eskers (Table 2) .
Topography/slope
Within the areas where slope was analysed, the majority (97.5%) of eskers occur on terrain with an elevation of <700 m a.s.l., and 60% are located between 300 m a.s.l. and 600 m a.s.l. The mean value is 344 m a.s.l. (Fig. 18C) . Visual Wheeler et al., 1996) , in the Keewatin sector of the LIS.
comparison of mapped esker locations with topographic data suggests that, whilst some esker ridges tend to follow the thalwegs of valleys, and some eskers in the Keewatin region appear to terminate at the end of plateaux, the overall distribution of esker ridges is not strongly related to variations in topography (Fig. 19) .
Mapped eskers predominantly exhibit small changes in elevation (small slopes) along their length (Fig. 18) . The mean change in absolute elevation for 11,562 eskers is just þ1.04 m, implying a small increase in elevation down-ice (which corresponds to a mean slope of 0.02 ). 73% of the eskers change in elevation by no more than ±10 m. The absolute elevation change values are normally distributed about 0 m, and the mean slope values are normally distributed about 0.1 , indicating that there is no clear uphill or downhill trend to esker profiles, although the largest elevation change is in the downslope direction (À160 m). 4636 (40%) eskers trend downhill, 1864 (16%) exhibit no change in elevation and 5062 (44%) trend uphill (by up to 143 m).
Discussion
Pattern and distribution
Although our dataset is much larger than the one presented in Clark and Walder (1994) , large scale observations of the relative abundance of eskers on the Canadian Shield, compared with other areas where eskers are rarer, shorter and more fragmented, supports their hypothesis that eskers form preferentially over more resistant substrates. They argued that this is because subglacial meltwater channels would be more likely to be incised upwards into the ice over the crystalline bedrock. Note, however, that eskers have also been mapped, albeit in smaller numbers, in areas of deformable substrate off the Canadian Shield (see Fig. 6 ) as well as in parts of the northern USA (e.g. Wright, 1973; Mooers, 1989) . Moreover, it is likely that the mapping from satellite imagery has missed a number of small eskers over these areas (Storrar et al., 2013) . In summary, whilst the hypothesis of Clark and Walder (1994) may be able to account for the gross distribution of eskers, there are some exceptions which their hypothesis cannot explain, and for which we now provide some alternative explanations.
Importantly, whilst the large esker systems in Canada are strongly coincident with the Precambrian rocks of the Canadian Shield, they are also coincident with the locations of the former Keewatin and Labrador domes during the later stages of deglaciation. Significant changes in the depositional environment during deglaciation, including the transition from being largely marineterminating to terrestrially-terminating (see Dyke et al., 2003) , as well as changes in the supply of meltwater (e.g. Carlson et al., 2009) , mean that lithology cannot be isolated as a single control on esker distribution and the spatial coincidence of these two potential controls makes them difficult to separate. The influx of meltwater during deglaciation has been linked to increases in esker density, which points to a climatically driven meltwater supply control on esker distribution (Storrar et al., 2014) . This is not incompatible with eskers also forming preferentially on certain lithologies and it appears likely that variable meltwater fluxes and lithology have exerted some control on the observed esker pattern. The preferential occurrence and spacing of eskers over different lithologies has been related to substrate permeability, rather than deformability (e.g. Grasby and Chen, 2005; Boulton et al., 2009) , which explains how eskers can be related to particular geological units and also exist over deformable substrates. It is also worth noting that eskers are prevalent over the Athabasca sedimentary basin and parts of the Thelon sedimentary basin, which are both on the Precambrian Shield (Fig. 8) . These basins are composed of relatively erodible sandstones (Wheeler et al., 1996) and it is likely that they provided a significant source of sediment to build eskers, and may present an additional explanation for esker distribution on the Shield (e.g. Shilts et al., 1987; Aylsworth and Shilts, 1989a) . Parts of the Thelon basin are relatively devoid of eskers, which may be related to distributed (rather than channelised) meltwater drainage associated with the Dubawnt Lake Palaeo-ice stream (Stokes and Clark, 2003a, b) , rather than sediment supply.
Outside the areas formerly occupied by major ice divides, esker systems are arranged in integrated radial networks of up to fourthorder tributaries, reflecting the network of conduits in which the eskers formed and supporting the observations of Shilts et al. (1987) . The continuous retreat with few readvances of the ice sheet in these areas (Dyke et al., 2003) made it possible for this integrated pattern of eskers to be preserved. In other locations, notably western Northwest Territories and Victoria Island, esker ridges are distributed more chaotically (Fig. 9) . It is likely that this reflects the deposition of esker ridges during different phases of rapidly-changing flow trajectories which operated in these areas as ice streams switched on and off (Kleman and Glasser, 2007; Stokes et al., 2009; Brown et al., 2011) . The regions supporting these more 'disorganised' eskers exhibit greater variability in topography than the Shield areas (see Fig. 19 ). It may be the case, therefore, that the complex ice dynamics associated with these areas, which resulted in the more chaotic esker patterns is, in part, related to topographic variability. A low-profile ice sheet interacting with variable topography is likely to experience more change than a similar ice sheet flowing over more homogeneous terrain. Within Shield areas, there are also places where eskers are noticeably absent, particularly in the locations of the Keewatin and Labrador ice domes (Fig. 6) . Evidently, this is not related to the underlying geology, but rather ice and meltwater dynamics. Meltwater channels are unlikely to form beneath ice divides because any meltwater there would need to accumulate for a certain distance before it was able to form channels (e.g. Flowers et al., 2003) . Furthermore, the ice is likely to have been cold-based until the final stages of deglaciation (Kleman and Glasser, 2007) , thus routing surface-generated meltwater over and across the ice and preventing it from reaching the bed. The absence of esker ridges at the final location of ice divides is rather abrupt (Fig. 6) , and the total width of the esker-free area is relatively constant at 100e150 km. This distance may relate to an underlying control on how far from ice divides eskers can form, perhaps related to the hydraulic potential and meltwater supply, or the availability of a sufficient quantity of sediment to build eskers.
Theoretical work has shown that the ice surface topography (and, to a lesser extent, the basal topography) dictates the potential gradient followed by englacial and subglacial meltwater channels (Shreve, 1972) . Moreover, Shreve (1985a; b) and Syverson et al. (1994) demonstrated that esker paths are likely to be dictated, at least in part, by the potential gradient. Whilst it is beyond the scope of the present paper to match esker paths to reconstructed potential gradients, it is likely that the ice surface exerted an influence on esker locations, most likely in association with the other controls discussed above. We emphasise this as an important area for future work (see Section 5.7).
No instances of cross-cutting eskers were found in the mapping, which contrasts markedly with the abundance of cross-cutting lineations found on the LIS bed (e.g. Boulton and Clark, 1990; Stokes et al., 2009; Brown et al., 2011) . This suggests that eskers have a low potential for preservation beneath dynamic ice sheets, and/or that they form very close to final deglaciation. Elsewhere, eskers have been shown to survive entire glaciations beneath frozen beds (Lagerb€ ack and Robertsson, 1988; Kleman, 1994) and frozen beds have been inferred beneath parts of the LIS (Kleman and H€ attestrand, 1999; Kleman and Glasser, 2007) , although the subglacial thermal regime changes through time to almost entirely warm-based (e.g. Marshall and Clark, 2002) . As a result of these significant changes in thermal regime, as well as significant changes in ice dynamics (e.g. Boulton and Clark, 1990) , it is unlikely that eskers in Canada would survive an entire glacial cycle. Moreover, eskers require a significant input of meltwater in order to form, meaning that this is more likely to occur during deglaciation, when surface melting is a significant process (Mooers, 1989; Carlson et al., 2009 ) and the probability of preservation at this time is also largest, since there is no subsequent ice flow to erode them. For these reasons, eskers are frequently interpreted as deglacial landforms and are often used to reconstruct deglaciation (e.g. Dyke and Prest, 1987; Dyke et al., 2003; Stokes et al., 2009; Margold et al., 2011 Margold et al., , 2013 Clark et al., 2012) .
In summary, the pattern of eskers on the bed of the LIS points to a dichotomy between complex ice dynamics in the outer reaches of the LIS during early deglaciation, which led to the formation of visually 'chaotically' arranged eskers in the outer reaches of the ice sheet, and the relatively simple retreat of the ice sheet over the harder bed of the Keewatin and Labrador sectors, which led to the formation of more 'organised' eskers. The concentration of eskers on the Canadian Shield is likely a product of the hydrogeological properties of the rocks (which were more conducive to R-channel formation) and the spatial coincidence of the Shield with the final location of the ice sheet during the later stages of deglaciation, when the supply of meltwater was very large. This provides a useful framework for interpreting patterns of eskers on other ice sheets beds.
Esker length
Mean esker ridge length (3.5 km) is comparable to data from the UK and the Kola Peninsula (Table 3) , although the maximum length of Canadian esker ridges is much larger, which likely reflects the larger size of the LIS and the stability of meltwater conduits in both Note that the tributary data for the Keewatin sector are plotted on a log 10 y-axis to accommodate the large values between 11.5 and 13 ka BP. The northern hemisphere temperature record is from Shakun et al. (2012) and shows the temperature anomaly from the early Holocene (11.5e6.5 ka BP) mean. Error bars indicate 1s uncertainty. The mean retreat rate of the ice sheet in each sector is given with 1s error bars (n ¼ 20). Mapped esker data after Storrar et al. (2014) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) space and time. Esker length, like that of other glacial landforms Hillier et al., 2013; Stokes et al., 2013) , follows a log-normal distribution. Unlike other landforms, however, this likely reflects the fact that long eskers (e.g. >100 km) are frequently broken into many shorter esker ridges, rather than different eskers 'growing' to different lengths, as has been suggested for drumlins (e.g. Clark et al., 2009; Spagnolo et al., 2012) . Eskers are typically less than 10 km long and are broken by small gaps. The reason for this fragmentation is either a cessation in sedimentation, or post-depositional erosion (Banerjee and McDonald, 1975) . Erosion may arise from dissection by subsequent meltwater flow or contemporary rivers, or inundation by lakes formed either during deglaciation, or by later thermokarst processes (e.g. Smith et al., 2005; Smith et al., 2007; Jones et al., 2011) . Fig. 11 reveals that eskers associated with the Labrador sector of the LIS are significantly more fragmented than those of the Keewatin sector. A potential explanation for this is that the ice dynamics during the final stages of deglaciation were markedly different in these two sectors of the ice sheet. Whilst the Keewatin sector generally experienced the gradual retreat of a terrestriallyterminating margin (Aylsworth and Shilts, 1989a; Dyke et al., 2003) , ice in the Labrador sector switched from being marine-to terrestrially-terminating, encompassing destabilisation and rapid retreat as it did so (Hillaire-Marcel and Occhietti, 1980; Clark et al., 2000) . If eskers form time-transgressively, they are more likely to be continuous (i.e. less fragmented) if the margin retreats slowly, as in Keewatin. Conversely, if the margin retreats rapidly, as it did in Labrador, there is less time for eskers to be deposited and so they become more fragmented, with larger segments forming when the margin is more stable.
Once these gaps are accounted for, eskers may be traced for up to 760 km. This indicates that deposition took place rapidly in very long conduits (e.g. Shaw, 1994, 1996) which potentially reflects the extent of the ablation zone and surface melting (e.g. Weertman, 1972) , or that conduits were stable through time and were filled time-transgressively by depositional processes (e.g. Banerjee and McDonald, 1975; Gorrell and Shaw, 1991; Boulton et al., 2009 ). In either case, the processes responsible for 'long' (a100 km) esker formation require explanation, because they imply a large-scale control on meltwater conduits which has not been described elsewhere.
Observational and sedimentological evidence has demonstrated that shorter (up to a few 10s of km) eskers can form synchronously (Brennand, 1994; Brennand and Shaw, 1996; Brennand, 2000; Burke et al., 2008 Burke et al., , 2009 Burke et al., , 2010 . It is unlikely, however, that the longest eskers formed synchronously in (up to) 760 km long conduits. Synchronous deposition would require a very large quantity of meltwater and sediment to abruptly enter the drainage system during early deglaciation (around or prior to 12 ka BP), and then be preserved throughout deglaciation, with no further meltwater drainage being recorded in the geomorphological record. Rather, we favour the parsimonious explanation that very long eskers were built time-transgressively at a retreating ice margin. This explanation allows for the gradual formation of eskers as and when sediment and meltwater become available throughout deglaciation, and does not require large 'pulses' of sediment and meltwater in a single, very long conduit. Moreover, time-transgressive deposition means that eskers were formed at the margins of the ice sheet and would not then have to survive overriding during deglaciation.
A key question regarding time-transgressive formation of long eskers is: what process is responsible for the deposition of continuous, long eskers over such a long distance (several hundred km) and time (several thousand years)? In other words, how can conduits persist at a particular relative position in an ice margin throughout the deglaciation of the ice sheet? Long eskers predominate in areas where deglaciation was relatively uniform (i.e. on the Canadian Shield in the Keewatin sector: Fig. 11 ), which helps to explain how the conduit positions changed relatively little during deglaciation, because the geometry and ice flow trajectories of this sector of the ice sheet did not change significantly, apart from becoming smaller (Dyke et al., 2003) . However, the locations of conduits relative to the ice margin would be expected to evolve as the hydraulic gradient, imposed (in part) by the pressure of overlying ice, changed as the ice sheet shrank (cf. Shreve, 1972) . The presence of several long eskers around the Keewatin sector points to a balance between these processes, i.e. long eskers were deposited in conduits maintained by the geometry of the ice sheet, their paths reflecting the migration of the hydraulic gradient as the pressure regime in the ice sheet evolved during deglaciation. Surrounding shorter eskers may reflect locations where conduits were no longer maintained as they became 'out-competed' by larger conduits. An important consideration is the nature of the conduits themselves. R-channels operate at relatively low pressure and capture meltwater from their surroundings (R€ othlisberger, 1972) . The largest R-channels would therefore be likely to maintain a relatively stable position relative to the ice margin, as the largest channels would capture meltwater from surrounding smaller ones. This is similar to the self-organising processes proposed by Boulton et al. (2009) channels. This type of mechanism explains why there are eskers several hundred km long (the larger R-channels), alongside systems of smaller eskers, which likely occupied the gaps between drainage divides of the largest R-channels and did not scavenge as much meltwater.
Esker sinuosity
Esker ridge sinuosity is very small. Mean sinuosity is 1.06 and few values attain more than 1.20. Mean sinuosity is in accordance with data from other areas (e.g. Clark et al., 2004; H€ attestrand and Clark, 2006; Burke et al., 2012) , but maximum sinuosity is higher, likely due to the large sample size (Table 3) . Sinuosity is significant because it is an important parameter for dye-tracing experiments and numerical models of subglacial channels. Variations in sinuosity can profoundly influence the outcome of such experiments because sinuosity has implications for the length of a channel between two points and, consequently, the discharge, volume, pressure and velocity of the contained water. For example, one attempt to incorporate estimates of sinuosity into a model of tracer velocity through a subglacial channel (Schuler and Fischer, 2009) , suggests a sinuosity value of 1.6 as being the most realistic for an R-channel under Unteraargletscher, Switzerland. Whilst this applies to an alpine glacier, our data suggest that R-channels are significantly straighter under ice sheets. Thus, we suggest that models of subglacial channels at the ice sheet scale should assume sinuosity values on the order of 1.06 to achieve the most realistic results.
Understanding why eskers are so straight is also important for understanding the processes controlling subglacial channel characteristics. When sinuosity is plotted against length, it becomes apparent that the longest eskers are consistently among the straightest and, conversely, that the shortest eskers are the most sinuous (Fig. 20) . This is the opposite of the effect mentioned in Section 3.2.2, whereby sinuosity decreases for small fragments of larger eskers. The effect discussed in Section 3.2.2 is related to the fragmentation of eskers, whereas the observation of long, straight eskers in Fig. 20 suggests that there is a different process which modulates the straightness of very long channels and allows shorter channels to be more sinuous.
Short eskers (e.g. <10 km) likely reflect deposition close to the ice margin (assuming they were formed time-transgressively) and, as such, were probably formed in conduits under atmospheric pressure, rather than hydrostatic pressure (which would be expected further up-ice: R€ othlisberger, 1972; Shreve, 1972) . Slope data does not contradict this, in that approximately 50% of eskers trend downhill and could, therefore have been at atmospheric pressure. Conduits under hydrostatic pressure would be more likely to erode a straight channel through the ice because of the increased friction associated with the pressurised water (cf. R€ othlisberger, 1972) . Thus, long conduits under hydrostatic pressure would likely lead to the development of straighter eskers. Conversely, if the shorter eskers forming closer to the ice margin were deposited under atmospheric pressure, they would be expected to produce a more meandering planform because their course would be dictated more by local factors such as obstacles or basal topography. Many shorter eskers, however, are still very straight, which is potentially related to the tendency of channels to follow structural weaknesses in ice, which would promote the formation of straight channels (cf. Gulley and Benn, 2007; Gulley, 2009; Gulley et al., 2009a, b) . This further supports our interpretation that the longest eskers represent the most stable (time-transgressive) conduits, as dictated by the geometry and hydraulic gradient of the ice sheet (see Section 5.2). Note, however, that the lack of variation in sinuosity values for esker ridges means that sinuosity values cannot be used to discern variations in discharge or sediment load of the channels in which they formed, in contrast to some fluvial systems (Schumm, 1963; Makaske, 2001) .
Lateral spacing
Measurements of interpolated esker spacing in three sample areas where esker density is high, indicate that eskers are very regularly spaced, as also suggested by previous work (see Fig. 4 ). Regular esker spacing has also been observed at modern glaciers (Boulton et al., 2007a) . Mean spacing of Canadian (interpolated) eskers is 12.3 km with a standard deviation of 6.6 km, in agreement with figures from the literature (Fig. 4) . The three areas selected are ideal for testing numerical models because the interpolated esker dataset has few gaps, laterally or longitudinally and so we assume Table 3 Comparison of length and sinuosity statistics. UK data are from Clark et al. (2004) and Kola Peninsula data are from H€ attestrand and that they reflect the locations of all R-channels in the area. Thus, models can be directly compared with observations and, in this regard, preliminary results are encouraging. Boulton et al.'s (2007a Boulton et al.'s ( , b, 2009 ) model produced spacing values of 8e25 km in Scandinavia and Hewitt's (2011) model produced an estimated spacing of 5e30 km. According to Boulton et al.'s (2007a Boulton et al.'s ( , b, 2009 (Gleeson et al., 2011) , which is comparable to transmissivity of 1.8e6.4 Â 10 4 m 2 yr À1 for a substrate 10 m in thickness. Boulton et al. (2009) suggest that transmissivities of 10 À1 e10 4 m 2 yr À1 in Scandinavia are sufficient to be significant in draining meltwater beneath ice sheets. Thus, it appears to be feasible that the groundwater theory may be applicable to the eskers of Canada. Supraglacial melting presents an important supply of meltwater in addition to basal melting, particularly during deglaciation (Carlson et al., 2009) , and is considered here in addition to basal melting as an important factor in determining esker spacing. Increasing the transmissivity or decreasing the basal/supraglacial melt rate results in more widely spaced eskers. Thus, given our observation of eskers closer together further toward the centres of deglaciation, this implies that melt rates were likely higher as the LIS deglaciated, which corroborates the results of a surface energymass balance model (Carlson et al., 2009) . In Hewitt's (2011) model, eskers become more widely spaced when the potential gradient is smaller or the permeability of the distributed system is larger. This also suggests that more water entered the drainage system during deglaciation of the LIS. The promising agreement between model predictions and esker spacing data may be tested further, by assessing variations in esker spacing over different hydrogeological units to assess whether the hypothesis of Boulton et al. (2009) is applicable at large scales and to better understand whether esker spacing is controlled by basal or supraglacial meltwater sources, or a combination of both.
Density and tributaries during deglaciation
An analysis of the changes in esker density through time reveals that, in central-western Canada, esker density increased rapidly between 12 and 9 ka BP, coinciding with the rapid retreat of the ice sheet between the end of the Younger Dryas (~11.5 ka BP) and 8.5 ka BP (Dyke et al., 2003; Carlson et al., 2008) . Storrar et al. (2014) argued that this reflects the increased meltwater supply from surface melting as the LIS retreated. As more meltwater became available, more esker-forming channels were produced, which may indicate that a greater percentage of the LIS bed was drained by channels. Theoretical work suggests that as the meltwater discharge increases, R-channels increase in size, since the frictional melting imparted by the high discharge outweighs closure of the channels by ice creep (R€ othlisberger, 1972) . Thus, measurements of esker width (not presented here) may provide further insights into the supply of meltwater during deglaciation. More recently, Boulton et al. (2009) suggested that increased meltwater discharge may result in more closely spaced R-channels, a prediction which does match our observations here.
The increase in esker density during deglaciation is also likely to be linked to the changing surface profile of the ice sheet as it retreated. In the final stages of deglaciation, a large portion of the ice sheet is likely to have been beneath the equilibrium line (Carlson et al., 2009 ) and the low-profile ice sheet would therefore have experienced significant melting, and the increased potential to create eskers.
Up-glacier of the 8.5 ka BP margin, esker density decreased, coinciding with the point at which the retreat rate of the ice sheet/ cap decelerated or stabilised (Carlson et al., 2008) . Few eskers were formed in the final stages of deglaciation, which might be explained by the existence of cold-based ice beneath the residual ice caps during final deglaciation (Kleman and H€ attestrand, 1999; Kleman and Glasser, 2007; Storrar et al., 2014) , or an insufficient supply of meltwater and/or sediment to form the eskers, again related to the smaller size of the ice mass.
In eastern Canada, the pattern is slightly different, presumably a product of the separation of the Keewatin and Labrador domes into two ice caps at about 8.5e9 ka BP and the different ice sheetclimate dynamics in each sector (Hillaire-Marcel and Occhietti, 1980; Clark et al., 2000; Dyke et al., 2003; Carlson et al., 2008) . Esker density in Labrador was relatively stable (between 0 and 0.76 eskers per 100 km of ice margin) until~7.6 ka BP, when it increased markedly until final deglaciation. This matches the changes in ice sheet retreat rate (although the volume of ice will decrease at a different rate), which are in agreement with observations that this sector of the ice sheet was relatively stable until approximately 9 ka BP (Dyke et al., 2003) , when it began to retreat more rapidly, explaining the lag in the increased esker density compared with the Keewatin sector. The stability of the ice margin until~9 ka BP and relatively small number of eskers in the outer sections of this sector of the ice sheet explain the very high values of esker spacing up to 11 ka BP (Fig. 16) . Thereafter, a similar pattern to the Keewatin sector is observed, esker density increasing to accommodate the additional channels as the supply of meltwater increased.
Whilst esker density increased during deglaciation, the relative proportion of tributaries decreased. If the increased density of eskers during deglaciation was the result of increased upstream branching in dendritic systems, one would expect the proportion of tributaries to increase through time. This is not the case and provides support for the interpretation that increased esker density is related to increased channelisation of the meltwater drainage system (Storrar et al., 2014) . Alternatively, if laterally divergent flow was dominant during the later stages of deglaciation, this would impose a strong topographic control on flow direction, potentially unfavourable for the development of tributaries. It should be noted that we only provide direct evidence here for the increase in channelised drainage, and that no inference can be made about the nature of the hydrological system that did not result in the formation of eskers, for example if it was drained by canals (e.g. Walder and Fowler, 1994) or a system of linked cavities (e.g. Lliboutry, 1969).
Topography/slope
Until now, there have been few reports of elevation changes in eskers (see section 2.6). Theory suggests that eskers form in accordance with the hydraulic gradient, which is related to ice surface topography and bed topography (Shreve, 1972 (Shreve, , 1985a . If water pressure equals ice overburden pressure (i.e. flotation), the slope of the ice surface exerts 11 times the influence of the bed slope in controlling the direction of water movement (Shreve, 1985a) . This value is less, however, if water pressure (P w ) is lower than ice overburden pressure (P i ), which is expressed by the 'flotation ratio' (f w ):
When f w ¼ 0.56, surface and bed slopes exert an equal influence on water direction (Cuffey and Paterson, 2010) . Thus, for values of f w less than 0.56, water is less likely to ascend topographic slopes, and vice versa. Esker elevation data reveal that an equal proportion of Laurentide eskers trend up-and down-slope, therefore suggesting that at least half of the conduits in which these eskers formed were close to ice overburden pressure.
It is important to note that the elevation values presented here are not corrected for glacio-isostatic adjustment (GIA), which may skew the results where long eskers stretch from areas of pronounced uplift (especially in the Keewatin sector) to areas of more subdued uplift (see Peltier, 2004; Dyke et al., 2005) . The effect of GIA also has implications for the nature of the bed on which the eskers formed, compared with the bed observed today. For example, areas of flat terrain at present likely represent former adverse slopes, because more uplift will have occurred towards the central parts of the ice sheet than towards the periphery (Fig. 21) . Total uplift since 13 ka BP (the isochrone corresponding to the outer reaches of the Keewatin and Labrador eskers) is shown in Fig. 22 (Peltier, 2004) and slope profiles along eight transects, where the longest esker systems are located, are plotted for the basal topography at 13 and 0 ka BP in Fig. 23 , revealing that GIA has had a minimal impact on the gradient of the bed in most cases.
Future work
This paper presents a preliminary analysis of our database of esker morphometry and pattern. In addition to the results presented here, the data are particularly well suited to several areas of potential future research. For example, the locations of eskers could be statistically compared with meltwater drainage pathways predicted by ice sheet models (e.g. Livingstone et al., 2013) , similar to (but on a much larger scale than) the work of Shreve (1985a) . The database could also be used alongside geological data to assess lithological and hydrogeological controls on esker location, which have been hypothesised by several workers (e.g. Aylsworth and Shilts, 1989a; Clark and Walder, 1994; Grasby and Chen, 2005; Boulton et al., 2009) . The data may also be used, alongside other landforms, to refine our understanding of the configuration of the ice margins of the Laurentide Ice Sheet as it deglaciated, as has recently been done in the UK . Finally, the slope data for each esker ridge may be compared with the local isostatic rebound curve to further investigate the former bed topography when the eskers were formed and also to provide further insights into the subtleties of GIA that coarser-resolution models are unable to evaluate.
Conclusions
The subglacial meltwater drainage systems of ice sheets are an important but difficult environment to observe. This paper presents the first quantitative analysis of the morphometry of a large sample (over 20,000) of eskers in Canada, which is used to provide key insights into the properties of the subglacial drainage systems of the LIS. Canadian eskers exhibit several patterns at different scales. They radiate outwards in the location of the two main ice domes, and are absent beneath the final ice divides in areas of 93,000 and 174,000 km 2 in Keewatin and Labrador, respectively. The esker free areas are 100e150 km wide in both locations. Within the radial esker systems, they form integrated dendritic networks of up to fourth order tributaries. Elsewhere, and off the Canadian Shield, eskers are more chaotic, likely reflecting a lack of stable R-channel formation and complex ice dynamics related to ice streaming over soft sediments. The longest contiguous esker ridge is 97.5 km and most eskers are between 0 and 10 km long. Gaps between eskers are numerous (mostly due to lake infilling), but when they are conservatively interpolated over distances of just a few kilometres, esker systems extend up to 760 km. This suggests that eskers either formed synchronously in channels up to 760 km long, or time-
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Centre of uplift Ice sheet margin Present bed elevation 1 3 ky r B P be d ele vati on Fig. 21 . Schematic illustration of the effect of glacio-isostatic adjustment on esker elevation. Areas of presently flat topography represent areas of adverse slope of the ice sheet bed when eskers were formed, suggesting that eskers which lie on presently flat terrain may have formed on primarily up-hill slopes, depending on the amount of uplift since esker formation. Fig. 22 . Total isostatic uplift from 13 ka BP to present from the ICE-5G (VM2 L90) model (Peltier, 2004) . Eskers are shown in red and the Keewatin and Labrador areas used to determine esker elevation changes (as in Fig. 18 ) are shown by black boxes. Negative values (offshore and not associated with eskers) are not shown. The yellow numbered lines indicate the locations of the transects used to produce the plots in Fig. 23 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) transgressively in channels that persisted in the same location for a long period of time. We favour the latter suggestion for the longest eskers because they are associated with the sectors of the ice sheet whose geometry was most stable during deglaciation, and because it does not require an abrupt and large quantity of meltwater and sediment to enter the drainage system. However, the maximum length of the esker-forming R-channels at a given ice margin could not be identified, because definitive ice-marginal indicators that can be directly linked to the eskers (e.g. fans) were not mapped.
The longest and least fragmented eskers are located in the Keewatin sector of the LIS, which experienced stable, gradual retreat. Conversely, the eskers of the Labrador sector are typically shorter and more fragmented, which we suggest reflects the more dynamic deglaciation experienced by this sector of the LIS.
Eskers are much straighter than has previously been assumed, with mean esker sinuosity at 1.06. This is an important constraint for numerical models of subglacial channels and for understanding the discharge and velocity of meltwater through channels. Our data suggest that models and dye tracing experiments could overestimate sinuosity values for channels at the ice sheet scale.
We suggest that observations of very long, straight eskers indicate that they formed in conduits that maintained a stable position, perpendicular to the retreating ice margin. These eskers likely formed in conduits located in areas where the ice sheet geometry changed little during deglaciation and also where the hydraulic gradient was such that meltwater was drawn preferentially to those locations. These conduits existed at lower pressure than the surrounding system and so were able to capture drainage. This observation demonstrates that antecedent drainage conditions are an important factor in determining where water will drain in a retreating ice sheet. Esker spacing is regular on the crystalline bedrock of the Canadian Shield. The spacing between esker-forming channels in three large study areas gives a mean value of 12.3 km (standard deviation 6.6 km) and this value is in agreement with numerical modelling (Boulton et al., 2007b (Boulton et al., , 2009 Hewitt, 2011) . These models suggest that spacing should decrease when the supply of meltwater increases, which implies that as the LIS deglaciated, more meltwater was drained in channels which then filled with sediment to form eskers.
As the LIS deglaciated, eskers in the Keewatin and Labrador sectors became more densely spaced (between 12 and 9 ka BP in Keewatin and between 13 and 7.6 ka BP in Labrador). At the same time, the number of tributary eskers decreased. These observations suggest that the subglacial meltwater drainage systems around the ice divides evolved to become increasingly channelised as more meltwater became available.
An analysis of 11,562 eskers within the larger database reveals that they do not have a preferred up-or down-slope trend, indicating that conduits were close to ice overburden pressure. However, eskers trending uphill support the assertion that ice surface is an important control on esker and R-channel location.
